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3 FOREWORD

This report was prepared by The Harshaw Cheuical Company, Solid State
Research Laboratory, covering the work accomplished during the period from
December 15, 1962, to March 15, 1963, under Contract AF 33(657)-9975. This
report is being published and distributed prior to Air Force review. Its
publication in for the exchange and stimulation of ideas and does not consti-
tute approval by the Air Force of the findings or conclusion contained there-
in.

11 The work of this project deals with certain specific problem areas of
the cadmium sulfide thin film front wall solar cell. Related contracts
sponsored by the Air Force, by other Department of Defense Agencies, and by
S NASA at Harshaw and at other organizations are concerned with other aspectsSof cadmium sulfide solar calls., other photovoltaic conversion systems and
with the investigation of the properties of various semiconductive materials
of adwith photovoltaic possibilities.

The detailed work of the project has been divided into three major parts
with a principal investigator in charge of each. Cell Development efforts
have been under the supervision of J. C. Schaefer and include the work on the
orbital evaluation program, cell contacting, cell stability studies, cell and
array construction, and other methods of film formation. Mr. Schaefer has
been assisted in this area by R. J. Humrick, W. W. Baldauf, T. A. Griffin, and
R. W. Olmsted. Materials Research, including materials purification and film
structure studies, has been under the supervision of G. A. Wolff, who has been
assisted by R. F. Belt and D. D. Bell in the former area and by J. R. Hietanen
in the latter area. Cell Research efforts or. basic barrier studies has been
carried out by E. R. Hill. Technical and administrative direction of the
project has been carried out by F. A. Shirland.
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INTRODUCTION AND SUMMARY

This is the second quarterly progress report on Contract AF 33(657)-9975
concerned with the investigation of large area CdS film cells.

The effort for a large portion of this quarter has been directed toward
the completion and testing of the four orbital test panels. The temperature,
shock and accelleration teats were performed during the first quarter, while
the sinusoidal and random or white noise vibration tests were conducted during
this period. No detrimental call effects were noted. The panels were tested

under tungsten light and sunlight, and were found to have efficiencies of 2.4I to 2.9% with power to weight ratios of 9.2 to 12.5 watts per pound. Various
graphs indicating expected performance in space are included.

Completion of this high priority effort permitted the emphasis to return
to the research and development phases. Uniform coatings of CdS have been
electrophoretically deposited on molybdenum substrates from nonaqueous solutions.
New plastics and collector grid materials have been tested. Pole figure
techniques are being applied to films deposited on various substrates to determine
the effect of substrates on grain orientation. Studies of grain orientation
have been continued using light-figure and x-ray diffraction techniques.

A paper given by Dr. G. A. Wolff and J. Hietanen at the International
Symposium on Condensation & Evaporation of Solids, September, 1962, at the Dyto n
Biltmore Hotel, Dayton, Ohio, and sponsored by the Thermophysics Branch, Physics
Laboratory, Directorate of Materials and Processes, Aeronautical Systems Division,
Wright-Patterson Air Force Base, Ohio, has been included as an appendix because
of its direct relationship to the research phases of this program.

1
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PART I - CELL DEVELOPMENT

Orbital Evaluation

During this reporting period, the four solar cell orbital test panels,
each consisting of 3-6" x 6" arrays were completed, tested, and delivered to
the contract monitor on schedule.

For the preparation of these panels an attempt was made to match the
individua3 3" x 3" cells in groups of four according to their maximum power
values which were then laminated together as 6" x 6" arrays. The arrays were
matched according to their values of current-at-maximum-power. Every third
array also contained two heat sensors for the purpose of monitoring the surface I
temperatures. Table I summarizes the output data for thcae arrays and panels.

Panel Performance Characteristics

Figures 1, 2, 3, and 4, represent the I-V characteristic curves for Panels
1, 2, 3, and 4, respectively. In each case, the solid curve, labelled (1),
is the actual data curve taken in tungsten light equivalent to 100 mW/cm2

terrestrial sunlight. The curve labelled (2), in each case represen s an extra-
polation of the data of curve (1) to the higher intensity (140 mw/cm ) of extra
terrestrial sunlight, but with no provision for the change in spectral distri-
bution. A quantitative prediction of the effect of the change in spectral
distribution in outer space is not known though it is believed that it will
increase somewhat the output of CdS front wall cells over what has been calcu-
lated here. Curve (2) has been constructed on the basis of the known effect
(separately measured on representative arrays of cells) of increasing light
intensity on the I-V characteristics, from open circuit to short circuit
condition. From 100 to 140 mw/cm sunlight intensity, the OCV increases slightly,
about 1%, while the SCC increases linearly by 40%. There appears to be no pro-
nounced change in the rectangularity of the characteristic curve.

The curve labelled (3) in Figures 1, 2, 3, and 4, represents the calculated
effect of the increase in temperature which is expected to occur in space.
Based on tests at the Chance-Vought Company facility at Dallas, Texas, last
summer, and on independent tests in our laboratories, it is expected that the
present design panels will reach a steady state temperature of llOOF in full
sunlight in space outside the earth's atmosphere. An increase in operating
temperature from 70 0F. to 110 0F. will (by separate measurements which are 1
discussed in the following paragraph) be expected to result in a drop in the
open circuit voltage of 5.1%, but an increase in the short circuit current of
9.7%. This results in these cases in an actual increase in the expected maximum
power output. The maximu= power rectangle has ýeen constructed in each case I
for both the actual data curve (i.e., 10? mw/cm- at 70 0F.) and for Lhe expected
space performance curve (i.e., 140 mw/cm at llO0 F.) and the corresponding load

lines have been drawn.

Typical arrays of UdS front wall film cells, constructed at the same time
as the orbital test panels, were carefully tested at selected temperatures

2
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II

between the extremes of -400 and +2000F. I-V characteristic curves were taken
at each temperature. The propo~tionate change in current at various percentages
of open circuit voltage was established for each temperature and used to cal-
culate the expected effect of temperature on the output of each of the 4 orbital
test panels. Figure 5 shows the calculated I-V curves for Panel No. 1 at selected
tratares between 700F and 2000F. As can be seen, the open circuit voltage
drops steadily with increasing temperature. However, the short circuit current
increases with increasing temperature and reaches a maximum at 1100F. At higher i
temperatures the current decreases. The result of this is that the I-V character-
istic curves cross each other.

Two load lines are entered on Figure 5. The load line of 15.2 ohms (w•ich
is the load for maximum power transfer for this panel at 700F and 100 m,/cm sun-
light) would show a steady drop in poi.ar output with increasing temperature.
However, the load line of 9.2 ohms (w!ich is tne load for maximum power transfer
for this panel at 110OF and 140 mw/cm sunlight) reveals a different pattern I
because of its steeper slope. It intersects the I-V curves mostly after their
cross overS. Figure 6 plots the expected power (and conversion efficiency)
for this panel in extraterrestrial sunlight with a fixed load of 9.2 ohms, over !
the complete temperature range of -40 to +2000F. It is evident from this curve
that the expected operating temperature of l100.F in space is indeed fortunate. 1

Figures 7, 8, 9, and 10, give the calibration curves of the thermistors
that were encapsulated in panel number 1, 2, 3, and 4, respectively. In each
case, the manufacturers calibration has been given along with tre calibration
taken in our own laboratory. It is seen that there is close agreement in all
but one instance. In order to prevent possible confa.sion between the two
thermistors that were encapsulated in each panel (one at the front surface of
the cells, and one at the back surface) the thermistors were selected so What
in each case the temperature versus resistance curve over the entire range was
identical for both thermistors. Hence, only one calibration curve is presented
for each panel.

Table II includes the recommendations for the load resistances for these
orbital evaluation panels. Following the apparent requirements of the telemetry,
the load resistances for each panel for the conditions of open circuit, short
circuit, and maximum power transfer have been indicated. Resistance R and R2
in the table represent in summation the total recommended resistance fAr the
external load, while R2 represents that portion of the total resistance across
which the voltage measuring equipment would be connected. Following the earlier
indications from the vehicle contractor, the resistances have been so selected
as to give readily measurable voltage drops at the meter. For short circuit
conditions the resistance has been calculated to provide an arbitrary expected
voltage reading of 1 volt. As can be seen from Figures 1, 2, 3, and 4, this
will produce a slight error in the calculated value of the short circuit current
due to the lack of rectangularity of the I-V characteristic. The value of R1
is zero for both short circuit and maximum power conditions for all 4 panels.
For open circuit conditions the voltage has been divided so that the capacity
of the meter will not be exceeded. In so doing an allowance has been made
for a safety factor of about 10% of full scale, just in case the cells should
perform much better than expected.

8
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There is one source of constant error in all of the above calculations
and in the I-V characteristic and teaerature performance curves. This is the
resuitano.. of the lead wires. Each array of each panel has 2 lead wires of
28 gage polyolefln insulated wires, as specified. Each of these leads is 24"_
long. The masurements of output of these arrays and panels have been made
utilig the leads, but without making any allowance for the resistance of
the leads. The resistance of the leads as they were connected for test purposes
totalled 0.46 ohms. Thus the actual output of the panels must in each case
be slightly better than indicated by the curves presented here. When the
arrays are actually mounted on the orbital test boom, a measure must be made I
of the total length of the leads that are in the series connection so that
allowance can be made for the effect of the leads in interpreting the tele-
metered data.

Figure -1 is a plot of the data obtained by varying the angle of incidence
of a 6" x 6" array (No. 335MN) in sunlight. The array output was measured at
10 degree intervals from 00 to 900. The array efficiency obtained normal to
the sun was multiplied by the cosine of each angle and the resultant values
are also plotted in Figure 1i. It can be readily seen that the array efficiency
follows the cosine law.

Vibration Tests

Additional vibration tests were performed during this report period, namely,
sinusoidal and random or white noise. As in the previous tests, no appreciable
damage effects were noted.

The sinusoidal vibration test consists of applying to each of three mutually
perpendicualr axes the following: 5-14 cps, 0.5 in. double amplitude: lh-4Ocps.,
5g; 40-4O0 cps, 7.5g; 400-3000 cps, 15gi at a constant rate in a single sweep
in not less than 25 minutes. The test was performed at Lear-Siegler Corporation,
Cleveland, Ohio, requiring, as in the previous acceleration and shock tests, the
transportation of test equipment for the measurement of cell output. The test
equipment has been previously reported(l). Measurements were made before and after
each vibration test performed in each direction. No visual damage was noted at
any time during the test and from the I-V data in Table III and plotted in Figures
12a, b, and c, it can be seen that no real change in array output took place. The
test array No. 289MN, was the same one used for the acceleration and shock tests.

The final phase of the vibration test was conducted on the same array as
on the preceeding tests i.e. No. 289MN and consisted of aplying to each of
the three mutually perpendicualr axes vibrations of .05 g' per cycle per second
from 15-2000 cps, for 5 minutes each. The test was performed at the Thompson-
Razoo-Wooldrige, Rocky Mount, Virginia, testing laboratory. During this vibra-
tion materials was made and upon return to the Harshaw Laboratory, the array
output was measured. No significant difference can be noted in the data in
Table IV on the I-V curves plotted in Figure 13.

16
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TABLE III

SINUSOIDAL VIBRATION TEST DATA

Load I
Resistance Current

Time of Test in Ohms Voltage in ma,

Array No. 289MN Harshaw Chemical - 2.1 0
Solid State Lab. 8.2 1.83 223

5.0 1.47 294
3.0 .97 324
1.4 .49 350

After Vibration - 2.1 0

in X-X axis 8.2 1.80 220

5.0 1.46 292
3.0 .96 320
1.4 .50 357 j

After Vibration - 2.1 0

in Y-Y axis 8.2 1.80 220
5.0 1.43 286
3.0 .93 310
1.4 .47 336 1

After Vibration - 2.15 0
in Z-Z axis 8.2 1.81 221

5.0 1.46 292
3.0 .97 323
1.4 .49 350

18
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I TABLE IV

RANDOM VIBRATION TEST DATA

Load
Resistance Current

Time of Test in Ohms Voltage in ma

Array No. 289MN Before Random - 2.15 0
Noise Test 8.2 I.81 221

5.0 1.46 292
3.0 .97 323
1.4 .49 350

After Random - 2.1 0
Noise Test 8.2 1.75 214

5.0 1.45 290
3.0 .97 324
1.4 .49 350

On the basis of these data reported here and in the first quarterly report(l)
the panels are expected to perform satisfactorily during the orbital experiment.

I Cell and Array Construction

Encapsulating Materials

The selection of the best materials for the encapsulation of the CdS solar
cells was somewhat difficult due to the great lack of agreement concerning the13 performance of the plastic film materials in space.

Originally, Mylar was chosen because of its strength, clarity, and radiation
resistance, but later information indicated a darkening by ultraviolet radiation
in space after a short period of exposure. It was learned that Mylar could be
obtained with a coating on one side that was capable of absorbing ultraviolet.
This material was obtained and attempts were made to laminate it to the cells
j but with no success. It was necessary to develop process modifications to

5 enable its use. This was accomplished in sufficient time to permit its use
for all but two of the twelve arrays needed for tne four orbi tal panels.

SI As mentioned in the last quarterly report(l), polypropylene bi-axially
oriented film has been reported to remain essentially clear under space conditions,
but all attempts to laminate the thin film GdS solar cells with this material
have been negative.

Other materials are also being investigated in an attempt to cxrcumvent
this difficulty. One such material is called Phenoxy-8, which reportedly can

23



S" ,ODS-- -_-dhesive in conjunction with other plastics. It was
felt that this material could serve as the encapsulating or outer plastic and
as the adhesive needed to hold the collector grid in place. Unfortunately,
satisfactory plastic bonding is accomplished at 18007 which is 200 less than
that required for orbital use. Higher laminating temperatures cause the film
to become cloudy as In the case of polypropylene. Some success was achieved,
however, when the Phenoxy-8 was used with Mylar as a substitute for the Capran
layer. The bopd and clarity appeared to be equivalent in all respects to that
obtained with Capran. Attempts to laminate Phenoxy-8 with polypropylene in a
similar manner resulted in poor bonding and cloudy films.

Samples of Mylar with an adhesive (GT 300) layer have been obtained from
the 0. T. Schjeldah. Company and are being tested. Successful lamin'!/tZý of
Mylar to Mylar using this material were made at 650F less than that required
for Mylar-Capran-Mylar laminations. This adhesive and others shall be used in
experiments with polypropylene. The OT 300 adhesive is claimed to be unaffected
by UV or other radiations. Success in this area will probably result in some-
what lighter package, in addition to an increased space life.

At the request of the contract monit or, a special cell capable of with-
standing any type of weather condition was to be made in which weight and
flexibility were not of major consideration. The cell shall be used in an 1
experiment comparing the cell output on the surface of the earth with the out-
put at a high altitude. The cell designed for this purpose, 1 inch x 1 inch,
was encapsulated in the regular Mylar-Capran envelope, which in turn was cemented
between two I inch thick sheets of Lucite. Two terminals were also sandwiched
in between the Lucite layers such that they partially protruded at the side.
The data obtained on this unit taken in collimated sunlight and under equivalent
terrestrial tungsten light and is given in Table V.

TABLE V

DATA ON LUCITE ENCAPSULATED CELL

Cell No. % Efficiency-Tungsten. % Efficiency-Sunlight*

387 MNL 3.5 3.6

Sunlight at ýime of measurement was 74.5 mwn/cm-. Value reported was adjusted
to 100 mw/cm

Pilot Line

Continued operation of the pilot line produced 412 various sized cells.
Of this amount many were subsequently laminated for life tests, orbital evalu-
ation tests, radiation samples and various mechanical tests. A table of values
is included, listing both cells and laminated arrays. The table shows that the
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I average cell efficiency has dropped and that the scrap rate increased consider-

ably. Darin this period considerable difficulty has occurred in evaporation
due to poor thermocouple readings, in barrier plating due to a faulty platingI supply, and insufficient rinsing because of contaminated rinse water. A closer
control of variables will be maintained in an effort to raise the efficiency
level of the cells to where they were previously.

TAELE V!
j CELL AND ARRAX DATA

No. of Eff Iieiqcy

Cells Size OCY _____ yl Scai295 1" x 3" .495 1.0 3.3 2.00 87

117 3" x 3" .497 1.0 2.8 1.97 37

F15 6W X 6W Orbital evaluation 1.5 3.1 2.3 1" x 1" Lucite 2.8 3.7 3.2

3 1" x 1W Lucite Mechanical samples
24 lam x lam Radiation samples .4 3.3 2.1
19 Misc. sizes Mechanical sample.

Cell Contacting

Although the present technique for the lamination of CdS film cells enjoys
a fair degree of standardisation and rproducibility efforts are continuing to
find an improved and a more economical collector grid. The grids presently used3 are directly responsible for increased collector efficiency and an increase in
energy conversion efficiency. However, Other materials may possibly operate as
well and may be more economical.

jWe are presently engaged in evaluation emperiments for the materials that
are available. Using the pressure test iLt reported earlier, gold and silver
grids appear to be essentially equivalent and superior to nickel and copper
collector grids.

In another test, four 3"1 x 3" cells were contacted, one half at a time,
first with gold and then with silver in thi pressure teat unit. Again vary
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little difference was noted. However, on lamination of these cells the gold
has shown about a 20% improvement over the silver. The number of. samples was
too mall to permit a definite conclusion to be reached.

Another teat was made using a 3" x 3" cell that had a uniform efficiency I
over its entire surface. This cell was lindmated with silver, gold, nickel,
and copper with each grid covering appreximatelyoene-fourth of the barrier
area. The results of this test has shown that nickel is superior to copper 1
and silver and is nearly as effective as aI'ld. The data are given in Table VII.

TABLE VII I

E7FCTIVRNS OF GRID MATERIALS

Grid Type Vc Isc Power Area Eff. j
Copper O.44V 85ma 19.10mw l0.85cm2 1.76%

Silver 0.45v 80ma 20.96mw 11.12cm2  1.89% 1
Nickel o.47V 83ma 21.80mw 1o.0 85c 2  2.01% 1
Gold O.W4V 9Oma 23.76mw 11.12=2 2.12%

This indicates that it may be possible to collect the current effectively I
with a more economical material than the silver or gold. Many possibilities
exiift IA this- area.

Cell Stability

The stability of the CdS thin film cell and its package in both terrestial
and extraterrestial environments are of great importance. As mentioned in the
orbital evaluation section of this report, attention was focused on the encap-
sulating plastics used for the panels, since any damage suffered by the plastic I
could result in a loss of power or complete failure. This was discussed in that
section and no further mention will be made here.

Several small samples were sent to the Naval Research Center for electron
and proton damage, but official results have not been received as of tne writing
of this report. A verbal report indicated that the CdS cells suffered very
little damage and that this damage may have been the plastic rather than the
CdUS itself. A report on radiation damage, no doubt, will be available for the
next quarterly report.

Other Methods of Film Formation

The investigation of methods other than evaporation for the formation of
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I thin film of 0dS has been directed tovard electrophoretic deposition and the

subsequent used for the sintering or recryutallization of the deposits. The
deposition takes place in an electrolytic cell fxlled with an organic liquidI that will maintain a suspension of colloidal CdS powder. Molybdenum electrodes
are used since it is desired to use this metal as a substrate.

Attempts to form a OdS film suitable for photovoltaic use has followed a
three step pattern. First is the preparation of the suspensions, second, the
deposition of the CdS, and third, the subsequent treatment of the deposit.

In order to obtain a satisfactory colloidal suspension it has been found
necessary to pulverize the CdS powder. This has been accomplished by ball
milling and by ultrasonic vibration. The latter method appears to be the
better because of ease of use and convenience, and it apparently produces a
finer particle size in far less time. The procedure followed throughout tne
experiments listed in Table VIII was as follows: One gram of CdS powder peri 100 al of Isopropyl Alcohol was mixed together and subjected to ultrasonic
vibrations for about 15 minutes. Dur.n the pulverization, an additive, usually
a wetting agent, was placed in the solution to insure thorough mixing in the
suspension. The particle size of the suspensoid was not measured.

I The equipment used for deposition includes a variable d-c power supply
with a capacity of 460 volts and .5 ampere, and a beaker fitted with a cover
with attached molybdenum electrodes spaced about 1 1/8" apart. Operation
consisted merely of transferring the suspension media to the beaker, inserting
the electrodes and then applying the required voltage. Only four substances
were tried as the suspension media. Undoubtedly, more could have been tried,
but the good results of the Ispropyl Alcohol did not seem to justify further
investigation at this time. Preliminary tests also showed that satisfactory
deposits were unobtainable at the voltage level available unless an addit•.veI was used. The experiments listed in Table VIII show the effect of additives,
voltage, and time upon the film formation. Not all of the experiments are
listed.

The deposits as formed, varied in thickness, density, texture, and even-
ess, but one thing in common with all of the deposits was their adherence to
the substrates. Flexing of the substrates does not loosen the film layers,
but in all cases they could very easily be wiped off. Heat treatment of the
films in attempts to increase adhesion to the substrates, cause recrystalliz-
ation and conversion to suitable photovoltaic films was unsuccessful. Table

I IX lists the experiments performed for that purpose.

The adhesion to the substrate did improve considerably, but no evidence
of film crystallization was evident. The only crystallization that did occur
was on a control sample of a previously evaporated film deposit on which single
crystals were observed to form. It is possible that these particles are not
properly oriented or that the necessary temperature and atmosphere have not

been found for recrystallization.
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TAML VIII

,LECTROPHORETIC DEP0SIIN DATA

Additive Voltage Time Remarks

1. Dural 460 V. 5 min. Thin. uneven deposit-considerable bubbling
2. Dural 460 V. 5 min. Heavy-fairly even deposit
3. Dural 460 V. 5 min. Thin uneven-heavy at edges
4. Cornstarch 450 V. 5 min. Traces of deposit
5. Ultrawet "E" 450 V. 25 min. Thin-uneven deposits
6. Dural 450 V. 1 min. Smooth-fairly even

lOV. 9 min.
7. Dural 450 V. 2 mrin. Smooth-even deposit

150V. 3min.
*8. Cornstarch 450 V. 10 m.in. Unsatisfactory deposit
49. Dural 450 V. 10 miin. Unsatisfactory deposit

1*10. Cornstarch 450 V. 10 mrin. No deposit 1
4*11. Dural 450 V. 10 min. No deposit

12. Ammonium
Hydroxide 450 V. 10 miin. No deposit

13. Sodium
Hydroxide 450 V. 10 min. No deposit

114. Sodium
Hydroxide +
Dural 450 V. 10 mrin. No deposit

15. "Wisk" 450 V. 2 min. Even-coarse deposit
150V. 2 min.

16. "Wisk" 300 V. 1 min. Even-less coarse
ioo V. 3 min.

17. "Wisk" 250 V. 30 sec. Thin porous J
75V. 4rmin.

18. OWisk" 300 V. 2 min. Smooth-even deposit
19. "Wisk" concent. 300 V. 2 mrin. Smooth-even deposit
20. "Wisk" concent. 200 V. 2 min. Smooth-even deposit I

Note: 1. The suspension media in all cases except where noted was Isopropyl
Alcohol.

2. The substrate or electrode was molybdenum.
3. The distance between electrodes remained at about 1 1/8" for all

tests.
* Acetone as suspension medium.

** Methanol as suspension medium.
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I
TABLE 1*

HUAT TREATMENT OF ELECTROPHORETIC DEPOSITS

HILTI OONDITIONS REMARKS

1. Deposited film heated under Formed CdO and Molybdenurxide.j bunsen burner

2. 5500C. 1 hr. Argon 3-Deposited substrates
n 1-Evaporated substrate

No evidence of the formation
of crystallites on either type.

I 3. 9000G. 16 hr. Argon Same as #2 except practically
everything evaporated leaving
moly oxide substrates.

4 . 7500C. 16 hr. Argon Same result as #3.

i5. 550°C. 4 hr. Argon 2-Evaporated substrates-one

coated with silver as activator.
2-Depoeited substrates-single
crystals formed on evaporated

substrate coated with silver.

6. 550°C. 18 hr. Argon -Deposited substrates only
No evidence of crystallization.

2
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PART II - MATERIALS RESEARCH

Purification of Cadmium Sulfide

Since purification of CdS itself is difficult, it was decided to form
the sulfide from very high purity cadmium and sulfur. Cadmium, although
available in a state of fairly high purity, (99.9999%) may well be further
purified by vacuum distillation and zone refining. Any H2 S needed for this
effort could be purified by passing through a purification train. Distilla-
tion of the cadmium under vacuum should remove traces of impurities, mostly
copper and magnesitufm that are not easily removed by zone refining. A

A quartz still has been constructed for this purpose, and is in the form
of an inverted U with a flask on one end that serves as a melting chamber for
the cadmium rods. During operation it is intended that the liquid Cd be forced I
up by atmospheric pressure into another flask which has been heated by a man-
tle to about 3900C. The vapor pressure above the cadmium at this point should
be about 1 mm Hg, the cadmium vapor should distill over to the other side of i
the U where it will condense and slowly run down to a receiving flask on the
bottom. From this it will drain out to a tube or boat. An oven to accomodate
this still is now under construction. The oven is designed to hold at 340oC i
(m.p. of cadmium is 320 0 C) and will be flushed by nitrogen to exclude oxygen.

The techniques of further zone refining cadmium are being developed. For
this purpose cadmium is held in a quartz boat which is in turn placed in a
vycor tube. The molten zone is produced by 3 turns of Tophet C metal alloy
wrapped around the vycor tube. This in turn, has an aluminum radiation shield
around it to reflect the heat. The power is provided by a transformer.

Initially the zone refining was done under argon which, however, was found
to contain a small amount of 02 or H2 0, thus causing the cadmium to be oxidized. I
Hydrogen was tried, but unfortunately, it also contained 02 or H 0 which caused
a film of oxide to form on top of the bar. This film was removes during the
passage of the molten zone, but formed again on the cool portion of the cadmium.
A dry ice trap was ineffective in removing the water from the H2 . Drying with
P205 or Deoxo units will be tried next.

A bar of reagent grade cadmium that was zone refined with 4 passes showed
the pnalysis given iih Table X. Thus zone refining appeared effective in re-
moving most of the impurities from the Cadmium. Some aluminum and calcium
contamination was introduced apparently from the quartz boat.

A train for the purification of H2 S which was used previously in the
preparation of CdS will be used again in subsequent experiments.

When the purified cadmium and H2 S are prepared, they will be reacted in
a quartz tube at about 1250oC in an attempt to form CdS crystals. Since CdS
crystals are grown at this temperature from sintered stock, it was deemed
advisable to analyze, by mass spectrographic procedures, the seed pile rnd
crystal product in an attempt to determine the impurities that pass over with
the CdS. Four samples were selected as representing typical production.
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TABLE X

ZONE REFINWE) CD ANALYSIS

Sement Original Front Middle Last

Al Ft+ T- T+ W-

ICA FT FT+ T T+
Cu T- FT FT+ T
Ga VFT+ VFT- VFT+ VFTFe FT FT FT4• FT+
Pb FT+ FT - FT W+
Mg FT FT+ T+ T
ma VFT- VFT- VYT VFT÷
Ii VET VFT- VFT FT-
Si T- T W- W
Ag FT- FT FT FT-
Na T T
Su Vft
Ti VFT+ FT- FT FT+

i The prccedure in making the samples was to heat sintered CdS placed in
the middle of the mullite tube. The CS sublimed and condensed at the endsI of the tube. Sample O-114 P was made from G. E. Luminescent Grade CdS, Lot
No. 54. It was heated 100 hours at 12700C. The primary crystal was light
amber, clean, excellent clarity, with a few fractures in the bottom. ItsI rating was L-O-O. No dopant was used. Sample 1-116 P was made from sintered
G. E. luminescent grade CdS, Lot No. 126. 0.03% Indium as InCI was added
as a dopant. It was heated at 12800C. The primary crystal was 4ark amber
and had 7 fractures. Sample OS-99 P was made from sintered CdS, G. E.
luminescent grade, Lot No. 54. It was heated 96 hours at 1250 0 C. There was
no dopant but the crystals grew under a stream of H2 S. The primary crystal
was light amber and clear. Sample OS-111 RF is a sample of the residual feed-

* pile. G. E. luminescent grade CdS, Lot No. 126 was used in this run. It was
heated 150 hours at 12500C. under H2 S. No dopant was used.

The first 2 samples were made under argon, the last 2 under H S. It may
be that the H2S helps impurities pass over from the feed pile to tae growingcrystals. However, the amounts of impurities are too high in any case.
Sodium, potassium, and lithium will be three impurities that will have to be

I i removed in the zone refining and distillation. Copper, calcium, magnesium,
1. and carbon will also have to be watched closely. Further samples will be sub-

mitted of cadmium before and after purification, and of CdS before sinteringi in order to determine what impurities are present in the starting material.
These four samples of CdS were sent to the Bell and Howell Research Center,
Pasadena, California, for mass spectrographic analysis. The results are
given in Table XI.

31
I



TABLE XI

KASS SPECTROGRAPHIC A•ALYSIS OF CDS

Detctiong
Element Limit 0-114 P 1-116 P OS-99 P CS-Ill RF

(Argon (Argon (H2S grown)
grown) grown, grown)

Indian
doped)

In 0.06 N.D. 35 N.D. N.D.
Ga 0.08 N.D. N.D. 0.5 8
Cu 0.06 1.3 2 15 35 1
Cd 0.05 N.D. 0.9 6 N.D.
V 0.04 0.5* N.D. I N.D.
Ca 0.03 6 0.7 90 62 i
K m.04 40 4 300 600
Cl 0.04 0.2 N.D. N.D. 3
P 0.03 N.D. N.D. 0.05 N.D.
Al 0.06 0.1 N.D. 6 10
Mg 0.03 1.1 1.3 5 10
Na 0.03 34 90 1000 650
N 0.02 0.03 1.1 N.D. 0.5 I
C 0.02 4 87 7* 550*
Li 0.02 18 6 170 1500
H 0.010 0.9 12 0.05 0.05 1

Total 106.13 205.0 1600.6 3428.55

Impurities are given in ppm atomic. ND means not detected. *Not consistent
on all exposures. Either it is a surface contaminant or lies in isolated
pockets. Impurities not listed are less than 1 ppm except for 0, Fe and Zn, |
which are not given because of Cd and S interference. Concentrations arecorrected for the mass dependency of the photographic plate. "i

Film Structure Studies

Earlier work on the formations of oarriers on CdS grains growth films
has indicated a difference in the darkening of different grains. This, com-
bined with the observed correlation of darkening vs. photovoltaic efficiency
vs crystal orientation on single crystal cells, has led to a program of
grain growth improvement, grain orientation studies, and crystal surface
studies. The grain growth improvement work has been involved with (a) develop-
ing techniques for the growth of grains, and (b) uncovering those parameters
that affect the growth of grains. The grain orientation studies have involved I
the development and/or employment of tools and techniques by which grain
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orientation can be determined. The crystal surface studies have dealt with
the problem of determining the condition of CS surfaces in various environments.

The techniques by which grain growth have been attempted up until this
report period include (a) a fast heat treatment in an open atmosphere using
a buae burner flame as the '.eat source, (b) the heating of films in atmos-
pheres and under vacuum by the passing of current through the molybdenum

I substrates, and (c) the annealing of films in a high vacuum using a heating
tape or wire ribbon as the heat source. The best grain growth, i. e. the
films on which the largest grains have been observed, has occurred on films

i annealed by the method mentioned under (c) above. The growth of grains by
this method has, however, varied considerably in quality and reproducibility
has not as yet been obtained. Method (a) provides the most reproducible
results. Attempts to grow grains during this report period by the heating
of films sealed in quartz tubes under high vacuum (*,10"-11 Hg) has not
resulted in any improvement. Control of the temperature of the heating source
has been difficult and the procedure of sealing up quartz tubes has been' both expensive and time consuming. Six growth experiments were performed
in this manner with no notice of improvement of grain growth. Further growth
experiments have been made using a chrcmel heating strip wrapped around an
open ended quarts tube. The heating strip, in this case, was placed inside
an evaporator so that the experiments could be performed under vacuum condi-
tions. Twelve runs have been made. Short runs at high temperatures have

resulted in the evaporation of excessive maounts of CdS. Longer runs at low
temperatures revealed no observable grain growth even under high microscopic
examlination. Intermediate temperature runs for short time periods have revealed
some growth but the quality of the growth is rather poor. Longer runs have
not been undertaken due to excessive heating of the bell jar of the evapora-
tor. Heat shields have been made and are presently being assembled in the
evaporator. Long runs at intermediate temperatures are planned.

From a more basic point of view an understanding of the influence of
deliberately applied stresses to the films before annealing, of impurity
additions on the interfacial surface energies, and of dislocation content

I on the mobility of interfaces is deemed necessary if grains of larger size
are to be grown. Attempts will be made to initiate such a program when experi-
mental techniques are refined enough to guarantee some sort of a reproducibleI starting point for such a study.

Crystal orientation studies are being employed using x-ray pole figure
Sanalysis, electron microscope studies, and light-figure studies. The pole

figure analysis was carried out by the Analytical Section of the Harshaw
Chemical Company while certain light-figure studies of single crystals have
been made in this laboratory. A microscope light figure is also being con-
structed to determine grain orientation on grain growth films. The results
are discussed in the following section. The electron microscope studies are
also being performed by the Analytical Section.

An attempt was made to obtain a transmission, electromicrograph of a
grain growth sample but the sample evaporated. Leaks in the equipment have
postponed further work. Graphite replicas have been prepared and electro-
micrographs will be made of grain growth samples when the equipment is reassembled.
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The light figure studies have been aimed at the development of a techni-
quw by which pain orientation can be uniquely determined. In order to develop,
etch pit shayes that are unique to specific planes many different etohants
have been used. A few of these have been reported in previous reports. Table XII
gtve, a list of other etohants that have been tried and conclusions regardin
the results. The vacuum etchant gives an indication of being the most useful I
etehants for determining grain orientation. Orientation studies of grains on
fiWas annealed in a vacuum will be made using the microscope light-figure appara-
tuB when it becmes available.

Many of the principles upon which the orientation studies of CS crystals
is based oan be found in the published version of the presentation "Crystal
Morphology in Evaporation, Equilibrium and Growth in the Vapor Phase." This
presentation was given at "The International Symposium on Condensation and
Evaporation of Solids.", which was held in Dayton on September 12-I4, 1962.
A copy has been included as an appendix. The kinetic evaporation and conden- I
sation equations are based on a study of CdS. The polytype studies, referred
to SI C in the paper, are based on the known existence of polytypism in many
of the II-VI compounds. A more detailed account of polytypism as applied to I
1l-VI ounpconde is given in the third quarterly report on Contract AF 33(657)-7916.

The importance of polytypism in the study of II-VI compounds lies in the I
association of photovoltage and electroluminescence with stacking faults in
crystals. Polytypism, in turn, results, from the systematic introduction of
stacking faults in a basic aphalerite type lattice, by twinning parallel to I
a single 111) direction. This association deserves special attention from
a device desigi stand point since it is conceivable that through a deliberate
introduction of stacking faults into a crystal lattice the photovoltage of
that device can be controlled. In a CUS solar cell, for example, it is anti-
cipated that stacking faults can be introduced into the lattice by the addition
of sine or tellurium.

The crystal surface studies are also based on the principles given in
the attached paper. The results of UdS vapor etching is included along with
that of other In-VI compounds. Results are given in previous reports under
this contract for crystals etched in various solution etchants. A comparison
of the results shows a definite difference between vapor etched patterns
and solution etched patterns and as a result, tentative conclusions concerning
the nature of the surfaces can be made. There is still not a sufficient amount
of data to draw a final conclusion. Further etching at high temperatures in
various vapors and in vacuum are coatemplated.
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j TAME iI

ETCHANTS FOR ODS[
lobaut Time Tepuoerature Results

S1-pyridine, 5 sees. R.T. (0001), (101) and zones between them.

2 -un. Signs of (0101) and J112P. Ailso sone
between (lO1O) - (0110) and (loii5-(Oifi).

2-M 45 min. R.T. Faint pattern. (1011). Zone between
(OiO)-(O0iO) and (ioIr)-(OlII). Inoca-
plate zone from (ofil) to (0001).

1-triethylamlne 30 mrin. R.T. Clear pattern. (0001) and (101T). Very
complex pyramidal and prismatic area pattern.

1-testradimethylamlnodiborate Clear pattern. (0001) and (1011). Very
I 2-IE 3 min. R.T. ocmplex pyramidal and prismatic area pattern.

1-amin acid 4 min. HOT Clear pattern. (0001) and (1OlI). Very
' |3-dilute HC1 caplex pyramidal and prismatic area pattern.

1-amino acid 4 min. R.T. Faint pattern. (006I) and (1O01). Very
2-HI1 complex pyramidal and prismatic area pattern.

H3 PO4 40 hra. R.T. No Results

I H3PO4 5 hrs. 800C. Standard HC! pattern plus prismatic sone.

H2S04 8 hrs. HOT Double star pattern plus prismatic Sane.

12S04 8 hra. R.T. Faint pattern. Standard W1 pattern plus
1 2 prismatic zone.

NK4OH 2 weeks R.T No results

I 2 weeks $.T. No results

l--KCN, 1-1-202 2 weeks R.T. No results

1-KC1, 140KH 2 weeks R.T. No results

Vacuum 2 hra. 9000C Clear double star etch with an added[ (-I0-3 "U Hg) number of pyramidal planes.
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Some mention should be made of the possible correlation between equili-
brium forms and Brillouin sones. A great deal of similarity exists between
the methods of calculating and constructing first nearest neighbor equilibriu
forms and the first Billlouin zone. The calculations for equilibrium forms
is based on the detaohment energy of atoms, ions, molecules, etc. in the equili-
brium position of crystals. In Brillouin zone calculations this corresponds
to the removal (i.e. evaporation) of the last electron needed to fill the
Brillouin sone (for a semiconductor i.e. one may say from the 'Ferml
level to the bottom of the conduction band.) Thus, in a manner analogous to
equilibrium form calculations, Brillouin zone calculations might be possible
by utilizlng various ratios of ionization energy of electrons associated with
cations and anions. This raises the possibility of the existence of Brillouin
sones which exhibit polarity. A simple one dimensional picture of this is
given in Figure 14. It is realised that in this one-dimensional model, a
symetry center is required. It may not be true for the two-or three-dimen- -
sional cases. In a similar manner, Brillouin %ones showing anisotropy can
be developed by the consideration of varying ratios of c-directional ioniza-
tion energies. This is shown in Figure 15. In this case, however, if both -

atoms are identical, no center of symmetry is removed. I
These considerations may prove to be of importance in matters concerning

the existence of polytypism in CdS or even of the existence of stacking faults I
in this material. The explanation of photovoltages associated with stacking
faults may be in the considerations presented here. A detailed look at the
quantam mechanics involved appears to be in order to prove or disprove such
concepts. I

FIGURE 14

The 1Wn:gMi-Modej No. 1 (one-dimensional) of an electron moving in
a periodic structure in which the electron associated with one atom of a compound
semiconductor is bonded more strongly than the electron associated with the other
atom. The model contains an easy direction of motion and a difficult direction
of motion. In two dimensions, three easy and three difficult directions are
possible. The resultant Brillouin zone should show a polarity.
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Ii FIGURE 15
72* ,gj.•,tM Model No. 2 (one-dimensional) of a compound structure In

ii whioh s-31recuonal electron8 ar bonded more strongly to the lattice than a-
directional electrons.

Pole Figures of US Films on Glass and Molybdenum

In connection with the preparation of CdS thin film photovoltaic cells,
efforts have been directed towards film growth, perfection, and their relationI to efficiency. A preliminary study of several features of thin film deposi-
tion was considered necessary.

The deposition of CdS from the vapor state onto a substrate leads to a
preferred orientation of the crystalline grains. Generally it has been found
that (000) planes deposit nearly parallel to the plane of the substrate.
However, the orientation of (00 e" ) planes is not perfect but assumes a rangeIi of angles with respect to the substrate plane. The present work relates to
actual production cells formed on glass and molybdenum substrates.

Figure 16 to a pole figure of (00.2) planes from a UdS film deposited

on a glass substrate. The film was peeled from the glass and examined on
the substrate side by reflection. The pole figure shows the most frequentI tilt of the (00"2) planes to be at an angle of several degrees from the sub-
strate plane. A substantial amount of tilt appears at angles as large as
200. manner of growth may be similar to that reported by Reynolds andi Greene"J, for type II crystals of CdS grown from the vapor on a quartz sub-
strate. It may indicate that the nucleation mode is the same in the growth
of a single crystal or a polycrystalline film. Subsequent growth would depend
on the grain interfacial energies and could be very different in a singleI crystal grain or an oriented polycrystalline film. The nearly symmetrical
arzangement of the pole figure indicates that similar fractions of (0002) planes
are located in each azimuthal direction in the plane of the film. Figure 17
is a pole figure from the opposite side of the UdS film. Since the two inner

L regions are reversed in intensity and the figure is no 1oir symetrical about
the substrate nornmal, the fraction of (00.2) planes oriehted at a fixed angle
to the substrate plans has now changed. The fraction at a certain azimuth hasI apparently changed but this may be an artifact. While these effects are
difficult to assess quantitatively and represent only one sample, they reflect
real differences between the two sides of the film.
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Figures 18 and 19 are pole figures for (00.2) planes of OdS. The CdS
film wa peeled from the molybdenum substrate and excmined on both sides by
a reflection teoluique using filtered radiation. The side of the OiS close
to the substrate, Figure 18, showed almost synetrical arrangement of (00.2)
poles about the normal to the substrate. The intensity data shows that the
majorMW of plans of type (00.() are parallel to the substrate although
sase are again tilted up to angles of 150 . The side of the CdS away from the
substrate, Figure 19, showed a noticeable different pole figure. In this
case the majority of the (OO.A) planes are tilted a few degrees from the
normal to the substrate. This probably reflects the changing orientation of
the COS growth lay•rs or the fact that a perfect epitaxial growth does not
persist over the OdS film thickness. The relation between the substrate and
the OdS deposit is not clear at this time beeause definite studies have not
been performed. For a body centered cubic metal such as molybdenum, the
rolling texture of thin sheets of the type being used is (001) C011] . Thie
is not perfect but macy reasons could be formulated for the fact that CdS still
deposits in an oriented fashion. Our limited work has shown that the influence
of the substrate is probably not too significant is present epitaxial growth
since the results on glass and molybdenum are comp4able. However this may
only be true because the other growth conditions are nearly equal. Thus
substrate temperature, vacuum, rate of evaporation, and geometry have to be
judged as well as the substrate condition. If the proper conbination of growth 1
variables can be found a more perfect orientation may result and the efficiency
of thin film cells may be substantially increased. This emphasises the im-
portance of these studies and the genuine possibilities of achieving essentially
the sme efficiency as the single crystal cells.

PART III BASIC BARRIER STUDIES

The spectral response of the CdS solar cell can be used to provide inform- j
ation concerning the nature of the photovoltaic mechanism and can also predict
the performance of the cell under illumination of known spectral distribution.
Work in this quarter has been mainly directed toward the latter aspect.

Analysis and synthesis of an expected short circuit current has been per-
formed on two front wall cells. The analysis consists of determining the quantum
yield Q in electrons per photon as a function of wavelength, whereas the
expected current can be calculated as follows. The quantum yield at a given
wavelength is multiplied by the illumination photon flux per unit wavelength
interval at the wavelength. This operation is performed over the wavelength
interval from zero to infinity, forming a function which is the generated short
circuit current per unit wavelength interval. The integral of this function
from zero to infinity is then the calculated short circuit current, as expressed
in the following equation:

J - Short circuit current in electrons/cm2 sec.
Q - Quantum yield in electrons/photon 2s
F - Illumination photon flux in photons/cma sec. x unit wavelength
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3SU has bee cariued out on two front wall cello, the first being shom
inFigare 20 *Aere the iluminant is sea level sunlight. The i~t~egrated current

is 4.9 me/a, While the value measured in sunlight is 5.3 ma/e . Me arie-ntI is quite good. Figure 21 shows the calculations for the same c1 1 extra-
terrestrial sulight, wh*e the current calculates to be 7.25 ma/at, representing
an increase of 51%, which can be attributed to the higher response at the ahorterI wavelegWs. It in to be noted here that this cell shoved very little eahanoement
effect in measurement of response to monochromatic light with added bias light.
Comsequwsmay, it probably appr-•ohes a linear system (like a p-n junction aell)
ue the output can be formed from a linear combination of its separate corponents.

A second cell (339 1N) has been investigated by the same process, with
the calouated data shown in Figure 22, for sea level sunlight. Te ent

f calculates to 4.25 m/c•, w the measured current is 6.9 a/o62, or 6.5%
more than calculated. Figure 23 shows the results of spectral response measure-
monts for mnoehromatic light with and vithout bias light. An can be soee, a
siseable mnhmmmant effect exists and this is in the direction indicating that
sulight generated current will be higher than the integrated monochromatic
response shows. A quantitative evaluation of the effect of enhancement in a
cell is not possible at this time.II Considerably more work has been done measuring cell response to two mono-
chromatic bemss, pursuing the anomalously high quantum yield to determine itsI origin. At this time, however, the data is quite incomplete. What is required
to present the entire picture is the cell short crcuait current as a function of
the enersies of the photons of eath bem and as a function of the photon flues
of each beam. The observed behavior of the cell in this respect is described as
followst

1) For light of the same spectral distribution, short circuit current is
proportional to intensity.
2) Fer two incilent monochromatic beams, the short circuit current in
general is a non-linear function of the intensity of either beam.
3) The nature of the non-linear behavior cha4ges with the intensities of
the two beam.
4) A single crystal rear wall cell has been measured to give 15 electrons
per added 2.3 ev photon with bias light photons of 1.35 ev. The overall
quantum yield in this case was about 1 electron per 50 photons.

Quantitative data beyond this stage is not complete and it is difficult to
draw any valid conclusions.

A nmber of experiments designed to characterize the electrical and optical
nature of the UdS barrier are tentatively scheduled for the cuming period.

I Careful analysis of absorption and photovoltaic response spectra should lve a
fair description of the important energy levels associated with the barrier.
Analysis of the I-V characteristics under monochromatic illumination may lead
to a model that can explain the enhancement quantum yield mentioned above.
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WORK PLAUED FOR NEXT QWAR=

A large nuber of cells will be fabricated and contacted with various grid
materials to statistically evaluate their effectiveness as collector grids.

xperiments with plastics and lamination of cells will continue, with con-
sideration to large area panel designs. No further work on orbital evaluation is
planned until after the actual orbital test.

Electrophoretic deposition on molybdenum substrates and sintering emperiments
will continue.

More aphasis wil be placed on life tests and the inhibition of efficiency
decay studies.,

Efforts to fis. her zone-refine cadmium will be continued using very dry

hydrogen, oxygen-free to prevent oxide formation. CdS wi also be formed by
reacting Cd directly with H2S3.

The Cd distillation apparatus will also be completed, tested and operated
in another phase of the high purity CdS experiments.

The microscope light figure apparatus should be completely assembled during

the next report period. Plans call for the investigation of grain orientation
studies of grain grown CdS films deposited on different types of substrates.
Emphasis will be placed on the examination of films deposited on molybdenum sub-
strates.

Further work on etching, especially the high t amperature vacuum etching, is

planned. Examination of "feed pile" crystals will also be undertaken to determine
more precisely the growth habit of these cryatals. Comparison between chemically
etched, grown, and vacuum etched crystals, and theoretically derived growth forms
will be continued. An attempt to correlate this etching data with theoreticallyderived reaatlon kinetic equations w3ll be continued.

Attempts will also be made to further improve and control the growth of
grains of CdS films.

At the present, only two films of CdS have been examined by pole figure
techniques. It is planned that several more films be examined to corrobrate the
principal results and re-examine the data and technique utilized. A pole figure
apparatus for use with the Norelco diffractometer has been constructed, which
should provide a greater measure of accuracy for intensity data. Furthermore,
the ease and rapidity of data collection will be s~mplified.

X-ray procedures and apparatus have been dev loped for dislocation studies
in single crystals by means of the Lang technique . Therefore, a preliminary
survey will be attempted on CdS single crystals to determine applicability to
perfection, dislocation types and content, and other information on structure.



A number of experliment. designed to characterize the electrical and optical
natire of the OdS barrier awe tentatively scheduled for the next quarter. Care-
1 aualysis of absorption and photovoltaic response specta will give a fairdescripti~on of the imqportant energy levels associated with the barrier. Amlsi

of the -oharacteristi• s uwideI monoohromatic illumination may lead to a model
that can explain the enhanced quantum yield theory discussed in the text.
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i UL M3P9O~G IN ZVAIQLTION, QUIMITUM AND OR(Mfl IN THE VAP(R PHASIE

0. A. Wolff and J. R. Hietenan
Harihaw ChemLcal Conpan

Cleveland 15, Ohio

The morphology of crystals in evapoation and condensation processes can
be derived from surface energy calculations which also lead to periodic bond chainI (PBC) - vectors. Thee. vectors are the unit vectors of strong bond chains. It is
fownd that in caystal growth (oondensation) the crystal edges of the growth farm
are parallel to such bond chains while in solution (evaporation) the ridges of the

i solution foa are parallel to them. Differences between derived and observed con-
densation or evaporation morpholog lead to important conclusions concerning the
atomic structure of the crystal surface. The influence of dislocationis, polytypiomp
degree of ionicity and covalency, and the lack of a center of yumtry on the con-
densation and evaporation habit of crystals is discussed. The application of the
optical reflection (light figure) method an a research tool to investigate the
machanisa of evaporation and condensation of crystals is described. Example

I equations are derived for materials which dissociate upon evaporation.
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ISTAL 3RPIOUG! Ii EVAPOR.ATION, EQUILIR3IUM
jj AND GROVH IN TB VAPO PAEE

BY

0. A. Wolff and J. R. Nietanen
Harsbaw Chemical Co.

Cleveland 15, Oho

With the advent of solid state electronics such attention has been
placed n th ndrtadn of te stutua asets of sld.For x le
crystal imperfeotions and their effect on the electrical and optical behavior of

solid state devices have undergone a gread deal of investigation. NNW tools, such
I as mrss spectrometry and x-ray diffraction, have been used with moch success to

bring forth useful data. The surface morphology of crystals has, however, hardly
been investigated and only superficially as far as the interpretation of the bond-

Sing and kinetical aspects of crystal surfaces are concerned. Ways in which such an
investigation can be pursued will be described.

There are three types of planes that enclose a crystalline body during
any stage of its morphological development. They are designated as F-, S-, and K-
plamej i. e. flat-, stepped-, and kinked- planes. Their relation to one another
is illustrated in Table I.

i The crystal forms that these planes enclose and the relation of the various
foam types is given in Table II.

The critical interpretation of crystal form and their relation to equili-
brium, crystal growth, and solution kinetics supplies important Information on the
bond structure and the kinetical aspects of crystal surfaces. In this interpreta-
tion the following facts appear to be of iqportance:

1) An equilibrium form of a crystal is bounded by only F- planes. TheI edge. as interceptions of the existing F-planen are all parallel to bond chains
(strong bond arrays). This holds true for any type of bonding.

2) For growth or dissolution processes, where heat or material diffusioziIin not rate controlling, a crystal growth form or an etch pit solution form is finally
bounded by only F-planes. Such form are the result of %hat from a crystallographic
point of view Is called a preferential growth or dissolution process.

3 ) The presence of screw dislocations gives rise to vicinal planes. These
dislocations do not affect the strength or direction of the strong bonding arrays.

SThe kinetics of evaporation and condensation are, therefore, still greatly determined
L by these bonding arrays. In kinetic or equilibrium studies of this type, the pres-

ence of dislocations are actually quite helpful since they provide surface depressions
(pits) and elevations (hillocks) which provide readily available sites at which
evaporation or condensation can be initiated.

The light-figure technique(l) has proved to be quite useful in the



-.. ...
TABLE I

of Plans Surface Atom Bonding Energ Number of FDC Vectors

F-plane ,S ) S S 2 Two or'rore

8-plane f ,on I

K-plane none

'C ~represents the bonding energy of the atom, molecule, ion, etc. in
the equilibrium or "half-crystal" position. fX represents the bonding energy of
first nearest neighbors. PDC vectors are periodic bond chains that exist in a
crystal face. All atoms, molecules, ions, etc. of a PBC vector are bonded to the
crystal by one bond more than the atom in the equilibrium position.
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TAULL II

(Scheistic, I~ealizeci)

Focess StartIMs Form End F'orm,
Crytal k'osItive Cietl=Prtv~od

(liensation Any f orm, of Growzth -'ormn i"Orgtive Solu~tion Ir ii~locke arnd Etc-
1(Growth) Positive or Neg. (Polyhedron) (,,oundee l'oird) Pi tu

(void) Crystal

kiuilibriwu Any &;kuilibrium T'orrn goutlilur .iir S2orrn

gvc~uilibrati on) (Pol~yheuron) (POlylied.run)

Lvaporation Any Souiniorm aa:v rx-t om

(i:ounde:beyvt (ko lyhe~r on)
curveC. rid_,s

aior.A or less

sharp ~oint--.)

T~ihe groiwth, m, ndu)g

-irt ri %vgtiv(.! groath fori.ýs have P7,( vw-tcrs
paralled to the edger. 'hnsn froms art, nnclosod by 2-planoc (S-?~- ?lv~can
persist in some instances). The solution and negative solution forma have PLU ~crparallel to the curved ridges. These forms are ('rclcsred by vicirnal -air-s



investigation of growth and dissolution forms. By this technique one is able to

determine the direction of steps on the crystal surface of dimensions smaller than
the wav, length of light and thus elucidate the directions of the strong bonding
aurz . As a results ipeortant crystallographic aspects of crystal surfaces can
in .emy cases be uncovered Aich remain obscure during optical or electron micro-
scope studies. Further, the pattern observed during a light-figure investigation
can be directly related to the stereographic pattern of a theoretical growth form.
Fundamenel conclusion, can, therefore, be made regarding the structural bonding
of surface atoms iow, molscules, etc. Table III depicts this relationship.

This tM. of study has been applied to the crystals of the diamond type
struoture("'. Ybrholegy studies of growth and solution form of these structures
has revealed that (001) and (111) are the stable planes on diamond while (001),
(111) and (113) appear on germanium, silicon and gray tin. See (A) and (C) of
Figure 1. Theoretical equilibrium form calculations tal'ing into account first and
second nearest neighbor interactions account for the a.ppearance of (111) and (001),
respectively, on these structures but the appearance of (113) could be accounted 1'r r
only after a surface deformation was assumed in which surface atom moved one quarter
of the lattice body diagonal into energetically more favorable positions. Surface
deformation could also, in fact, explain the appearance of (001) and second nearistneighbor interac (which are in reality quite small) could thus be dieregarnied.
R. 3F asohM has verified the surface deformation in this plane.
morpholor of -SiC (of sphalerittjtructure) reported by N. W. Thlbault"' reveals
the presence of (113) but not of (113). See (B) of Figure 1. A study of this
structure reveals that the two antipode planes (113) and (M) can be composed
entirely of atom of the opposite type, i. e. Si and C. The existence of (113) can,
therefore, be attributed to the rearrangement of silicon atoms at the surface While
the absence of (113) can be related to the absence of surface deformation in diamond.

This type of study has also been applied to other polytypes of SiC(5).
Good agreement has been observed between theoretically calculated and observwd formrs.
Figures (2) and (3) -re the stereographic projections for the theoretically calcu-
lated equilibrium forms of all polytypcs. Table IV lists the planp.7as a funct4.on
of bonding conditions, that enclose the equilibrium forms. Table. V•) gives a
comparison between observe,', anC calculated planes for mman of thn -oolytypes.

It is interesting to note that all the polytypes can be compared to a
single set of calculated equilibrium forms. In this comparison tho snhaloritse ty-•
lattice can be taken as the basic lattice, The polytynes can then bt consloermO
to consist of this basic lattice with systratically spaced "Wt..inning" or stacfi.ng
on the (111) plane. Close examination of the pyramiidal and prismatic planes on
equilibrium forms shows that these planes con be composen of (Ill) and (001) Planns
in the aphalerite type structures on eitlier side of a stacking f•ialt. Tn an P nal--
rous manner to the -SiC mentioned abovw, the ei.staence of comnosed nlanes cont., n-
ing (113) as one of the T)lanes has been -aroposnd. The pl:n " 1,.t r'-'l by -
combimation of (111) and (113), with eue regard to modifications introduced at the
stacking faults, have been calculated and are given in Table VT. Thnse nlAnes ha.vr
boon included in Table V.

The difference in behý.vior of germanium surfaces when thermally
in oxygen and in chlorine can also be understood by micromorpholopv studies(7'.
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TABLE III

Feature Liaht-Figure Stereographic Projection

Spot or point of iteprosonts F-planes Represents a stable plane.
I intersection of whose dimensions are

lines, greater than the vmve-
lenght of light.

'' Li nes ending in or Represent microscopic Represents edges between
crossing other lines p?.znrvs (vicinal S-planes) two planes.
at intersections. tilted in only one zonal

direction. They are made
up of steps composed of
two F planes of microscopic
dimensions. The step dis-
tancos are of dimensions
comparable or smaller than
the wavelength of light
applied.
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(10 .1/3(1M-N)) (.) • l /3(2M+N))
1/3 (03- 1)M+4 1 NI.- 1/3 (3- 1)N+4IVMJ I1 -

equ-- riumformwher • ction ( 2M)N t1o anion+2N (A) cotibto (1- 1u,'

Il

U( 0 ( 0 .1 
. ( 0 1* 1 / 3 ( M -N)

(10.1/3(M4-N)) 2/3(M+2N) *2/3(2M+N)*1 2/3(2M.-N).2/3(M+2N) .1

Figure 2 - Polytype Equilibrium forms for various ratios of cation to anionl
bonding. These are stereographic -proJections of general polytype
equilibrium form where (=-cation (C) to anion (A) contribution to surface
energy. Surface enorgy is given by61hkl=(Uh+Vk+W1)A where U.V.W are giveŽii

unit area
as indicated in the figure. M and N refer to sum of first and second
Zhcianuv notations, reupectivoly, for all polytypes. In the 15R polytypo,
for exanplo, the Zhdanov notation is 32 32 32. Mt9 ana N-b.
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-77 (01.1/3(2M+N))
(1O.1/3(M+2N))-k--, 21/3(M+2N)-2/3(2M+N)-l

1/3(3-#)(M4.2N) *1/3(3-f) (2M+N)*

j 4.~7 2/3(Mi.2N) 2f-/3(2M'-N) -11

/0 1
13(00.1 ) M+ lN

1/3L(3~)+(3~)I) 1/3[f(3j)M+(-)3f .

Figure .3- General. Polytype Equilibrium f orrms for Various Ratios of c-directional to
a-ietoalbnig These are stereographic projections ol -g-eneal polytype
eqilTibrium ormsfor varying ratio of c-directional to a-airectional bonding streng-th
contrIbution to the surface energy. equal~s c-directional to'a-directional ratio.'
Surface energy is given byO-hkl--(Uh+Vk+W.I)a wheroU*V*W are given as indicated in the

unIL arZYa
figure. 14 and N have same meaning as drnotcd in Figure 2.
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TABEI IV

3 3 r>l ) 3 >

L, /N, x x x x

( .l/1124OXN) x x x x

O x x x x x x

,x x x xx x

xx x x='.ol. , x x x !

I
M and N are as denoted in Figure 2. i is the ratio of cation to anionI dangling bond energy contribution to the surface energy. ý is the c-directional to

a-directional contribution to the surface energy. X indicates the plane that appears
on the equilibrium form under the condition imposed at the top of each column cf

n the table.
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TABLE V

a a b a e a b a d b b b

4H--6H 8H1 12 l-;2aR 27 33R 5~a 7541 P. R Mf

0001 2 67 2 22 2 2 2 1 2 2 2

01* 1/3 (21*N)- 1156 13 1 It 3 1 2

10. 113 (M2N) 8 2 3 1 6 5 1 2 4

10. 1/3 (H-N) 5 26 9 3 1 3 5 2 ! --
01. 1/( 8 hb 1 2 1 2 5 2 -I
10. 1/3 (14'N).1 1 2 1 5 5 3 3

10. 1/3 (511I) 1 -;

10. 113 (i*:+5N)-p , 23 2 1 2

01. 113 (5I.,*I?)-p 1 3 5

10. g3 (1-.2N)-p 2 1 2 14 1 1
01 I/Q (214N)-p 17 3 1 2 4 _ -

le11) -11+11~.) 5 5 5-

A comparison betimen observed and calculated plancc. TI-4 tablc includes
only those polytypes where morphologr data was available. The numerical ,aluc B
given are the number of tims the respective pl.Orc-s wora observed. lo:;Cr casv
litters denote reforonces. I. and 11 are as denoted in Figure 2. no is the numbor
of odd nWs appearing in Zhdanov's notation. mO is the number of o•C m's appea=ir,-
in Zhdanov's notation. p is the number of mn combinations in Zhdanov's notattion.
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TABLE VI

1 o10"1/3(34441/2o)+V2 0 1. 1/3 (YI*N2 )*562o

Ol*o /3 (x..) 1/2 x1

o1. 1 (5YN,)) 1o. -13 54N')'

II 10.1/3(*6N)-p

10* 1/3 (32N'-p 0].1 T

I 01.1/3(2IkN)-p 1O.V-/3(21)-p

Calculated equilibrium form planes resulting from surface deformation

and/or foreign atom absorption. M and N are as denoted in Figure 2. n is the
number of odd n's appearing in Zhdanov's notation. mo is the number oF odd m's
appearing in Zhdanov ' s notation. p is the number of mn combinations in Zhdanov's
notation.
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Figure (4) shows two photomicrographs of a germanium (111) plane. The sample was
cracked and one piece etched in chlorine and the other in oxygen. (The piece with
the larger pits was etched in oxygen). Although the etch pit shape as observed in
the photonicropapba can be evaluated (the walls of the pits being rotated 600 in
the two cases), it is rather difficult to make definite conclusions regarding the
stability of certain bonding arrays. The light-figure patterns of these surfaces
reveal, however, a clear three-fold symmetry. The complete light-figure patterns
for germsnium etched in these gases are shown in Figure (5) and (6). Included is
the theoretical etch pit (negative growth) form that appears on various surfaces of
a bypotetical germnium crystal. Among the conclusions to be drawn from this
comparison is that the chlorine leaves either the surface unchanged and no absorp-
tichu or atomic rearrangement has taken place; or the univalent chlorine singly
binds to the dangling bonds of the germanium surface atom. This follows from the
good match observed between the chlorine light-figure and the theoretically calcu-
lated germanium equilibrium form where only first nearest neighbor interactions
were considered. Oxygen etching, however, results in the formation of new stable

bonding arrays. This is understood by the appearance of (001) and P0] zone
between the planes (111) and (MI).

The light-figure reflection patterns of some vapor etched materials of
wurtsite and/or sphalerite structure are shown in Figure (7). Similarity between
these form and the theoretically calculated forms is evident. The ZUS p-ttprn, for
example, exhibits a great deal of similarity with the theoretically calculated habit |
for the case 3', 1 or 1>, 1/3, depending on crystal polarity, in Figure (R).
The reason fer the appearance of (11.0) has yet to be determined. The CS patterns
also reveal some similarity with this case although two additional planes are seen
to appear. Similar statements hold for the other patterns. A comparison of the
observoc, ami calculated form suggests that just a little more experimental data
are ncocs.vry to provide for a complete interpretation. The decrease in the corn-
plexity of the evaporation pattern of various materials (1) with the change from
sulfides via selenides to tellurides and (2) with the anions constant, e.g., in the
change from CdS to ZnS, suggests the need for vapor and vacuum etching experiments
at various temperatures. The indication is that although at the evaporation tempera-
tures of CdS, for example, only Cd and S2 is formed in the vapor phase this is not
saoat the surface where the appearance of (10#3) implies the formation of larger
molecules such as S4, and S•. The difference in evaporation and growth forms on
CS lends further sap" tto this hypothesis. There is also a need for some restric- f
tive assumptions in the equilibrium form calculations. These might include, for
example, surface deformation and foreign atom absorption.

The possibility of the formation of long sulfur chains or rings on CdS
during an evaporation process implips the need for a careful evaluation of the kin,-
tical aspects of evaporation and condensation. The effects of the kinetics of thesc
two processes on the conden& coefficient o( needs, in particular, to be bettmr
understood. G. A. SomorJaiW has recently dealt-with this problem.

For demonstration purposes the following possible examples of evaporation
are suggested:

1) CdS could break away from a !,ink site (1) and diffuse onto the cryst.n1

12
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igure . - The stereogram corresponds to the light-figuro pattern observed on
a-•hlorino etched germanium sample. This storogram also corresponds to the
theoretical equilibrium form when only first netarest neighbor intoractiona are
are considered. The negative growth form is incltided. The intersectLion of this
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Figure 8, Theoretically calculated equilibrium forms of wurtaite type materials

' •for varying ration of cation (C) to anion (A) contribution to the surface ennr~y.
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surface (3). break up into 2d and 2# (30) and then evaporate (14). Indices 1, 3,
3' and 4 denote the equilibrium site (1)j the surface adsorption site (3) for Cd;
(3') for Cd and Ss and the vapor paase (4). (This analpis assumes the formation
of 62- The saw process considering the formation of S4, S 0or S could also be
calolated.) In this process the rate controlling step could be t•L breaking away
of CdS f(ro~m the kink site or the breaking up of 2CdS into 2Cd and S2, The reaction

can be expressed as follows:

2.1
(k3 thCd- kWOCd1

is the concentration of kink sites on the crystal surface. The solution of this I
eation under both processes results in cubic equations that have a real and two
complex solutions. The mathematics becomes involved and it appears difficult to give
a good pbysical explanation of the results. The problem can be simply solved. how- I
ever, if the steps preceding and following the rate determining step are considered
to occur at a much greater rate than the rate determining step and, as such, assumed
to be in quasi-equilibrium. Under the conditions when 3----o- 3 is rate determining
the following equation results:

"-A d 2k, k I [Cd 4 ' SOj - Cd 4Sb (1)

31-4
The sub-s refers to equilibrium (saturation). When 1-----P3 is the rate determining
step the following equation results:

2

Cl' 3112. [c,2~, )a Cd 2Sb

Both equations can be compared with the equation:

18n1



Adt V)2 i m (ys " cO

When kj, and the vapor phase compoeition is kept at the ratic Cd:sl,

S the Oi.2 .s and ( S�) I,/ C•. It ollofoo tha .(1 ).

S2 V, 'nCd 12 27

is the cadmium sticking .)ocfficient and S is the sulfur sticklnfl noofficient.
a similar mwwar (Y4 2 can be calculated and shoinm to be a complex function of C,"

The influence of h as a function of C) has not bei.n calculated yet. Tfinse p1m. tonw
have been derived In the manner appllo in referr-c3 (10). ThA nomenclature is thhr
same as that appearing in the references.

2) The same type of an analysis can be carried out when it is assama
that the breaking up and recombining of atoms occurs at the kink sit, before thcir
diffusion onto the crystal surface. In one case 2Cd and S can be thought to leav-
the kink site simultaneously; or in the other case Cd can leave before the subsce~uont
combination of sulfur into S2 and the diffusion of S? and another Cd aimy from tb•-II kink site. These reactions can be expressed as folows ;

1i 0- 33

j Ch(klk 3  Cd? Cal k~d-k 1I 1------ 3 '

I t Ch(kll. " Cc•) k Ch(Ilt.3 - CdS3 ) 2 . ,1 3 -h 1" ýi3; 3 % ,)0

-The indicies 1, 1', 3 and denco th'o Pquil.bxium or !",nlc sito (1,1, thn P.ctivr:.'O
st'ate, of the kink stc (1), tho .• -azt ai.t!&;rption ii.tc (3 an.....-" vapor r.hA.:', f4,
In th.r caso two simultano-as prc, " ocr ----c--3 and .L-* ---- b.j,I When the rate doter!3oninngC stnps .,i -* 3 an,' 1i *-, rnsap-tiv, lvy, ,h, -
ing equation results:



_=Ch 2k U rCd 423. 4 Cd 4Si1 *c rllCd4 -Cdf\)(3Adt lk 1 k'3 k 34~J

The condensation coefficient in this case would be a complex function of the 1
various rates.

A great deal of attention should be placed on understanding the effects
of crystal geomutry on evaporation and condensation processes. These processes are II
a sensitive function of crystal geometry and important conclusions regarding sur-
face reactions can be obtained when this e f fect is considered. As an example, the
examination of the structures of wurtsite aWd sphalerite type materials 4 ndicates I

the existence of four different kinetic paths by uhich evaporation can occur. In
wartsite type materials two of these paths alternate for each succeeding basal
plane layer. See Figure (9). In ephalerite type materials these paths are the
same in each succeeding (1il) layer but vary on different faces. This is also
depicted in Figure (9). For wurtsite type materials the resulting evaporation form
exhibits six-fold syimetry. For sphalerite type materials, however, the rapid evap-
oration rate is confined to three faces. As a result, a three-fold symetry isobserved on the evaporating form.

Mention should also be made of the role played by the structure on the I
rate of dissociation of a given material in various crystallographic directions.
An F-plane will have the slowest dissociation rate. The rate of eissociation of
any plane tilted with respect to two or more F-planes will depend on the dissociatorn I
rates of the F-planes involved. The rate will vary with the tilt angle and new F-planes will begin to influence this rate as the tilt angle is chanpged. These factors
should be understood and accounted for in dissociation rate investigAtions since slow
attack of a plane is often taken as a criterion for a high ctability or a low chemi-
cal reactivity.

In conclusion, it is the determination of ?-planes and the PBC vectors of I
these planes that are important in micromorphology studies. Important informationon the bonding of surface atom and the kinetics of growth and solution processescan be obtained from such studies.

20I
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I a.

I
I

F . - Schomatic dravines of (a) wurtsite and (b) sphalerite type structures.

r a 'n 2 represent rate constants of an evaporation process; K1 I !,. For (a)I the upper layer evaporates alonj; bondine arrays, in the direction indicated by the
long arrow. The second layer# upon exposure,, evaporates in the direction indicatedSby tho long arrow for that layer." The process then repeats. Sik-fold symmontry
rosults. For (b) all the layers evaporate in the direction indicated by the long
arrow. Throe-fold symmetry results.
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